Over the past decade, mysterious blobs of Lyα emission by hydrogen have been discovered in the vicinity of galaxies at early cosmic times 1−3 . Although a number of possible models were proposed to explain these blobs 4−9 , none appeared to be consistent with all available data. In a seemingly unrelated frontier, the latest computer simulations of galaxy formation 10−11 reveal streams of cold (∼ 10 4 K) gas feeding the cores of dark matter halos as massive as 10 12 -10 13 M ⊙ . Here we show that the simulated cold flows are spatially extended Lyα sources with luminosities, Lyα line widths, and abundances that are similar to those of observed Lyα blobs. The predicted filamentary structure of cold flows explains the wide range of observed Lyα blob morphologies. The most luminous cold flows are associated with massive halos, which preferentially reside in dense environments, in agreement with observations. We suggest that Lyα blobs -even those that are clearly associated with starburst galaxies or active galactic nuclei -provide the first direct observational evidence for the cold accretion mode of galaxies.
We propose that powering LABs by cooling radiation is more ubiquitous than previously thought, even for blobs that are clearly associated with starburst activity or AGN. Our proposal is based on recent hydrodynamical simulations of galaxy formation, which show that baryons assemble into galaxies through a two-phase medium which contains filamentary streams of cold (T ∼ 10 4 K) gas embedded within a hot gaseous halo 10−11 . These cold flows contain ∼ 5-25% of the total gas content 11 in halos as massive as M halo ∼ 10 12 -10 13 M ⊙ . Below we show that these cold streams are likely sources of spatially extended Lyα emission. Furthermore, the simulated cold flows are dense and cover only a small solid angle when viewed from the center of the halo. Therefore, they would not be easily disrupted by powerful outflows from starburst activity or AGN, which instead would preferentially propagate into the lower density (volume filling) phase of the halo gas. This implies that cold flows can coexist with the powerful sources, as observed for some of the blobs 15−17,19 .
In simulated galaxies 11 , the cold accretion phase is embedded within a hot gaseous halo that settles into hydrostatic equilibrium within the gravitational potential well of the dark matter. The hot gas reaches the virial temperature, T vir = 1.9 × 10 6 K(M halo /10 12 M ⊙ ) 2/3 [(1 + z)/4], and co-exists in pressure equilibrium with the cold gas -which makes up a small fraction f cold of the total mass of the gas reservoir. As the cold streams navigate to the center of their host dark matter halo, they are progressively heated by the release of a fraction of their gravitational potential energy through weak shocks 6 . State-of-the-art simulations predict a non-negligible level of 'gravitational heating' of the cold flows before they settle to the core of the galaxy; however, the limited resolution of existing computer codes does not allow a robust determination of the heating efficiency.
We parametrize the gravitational heating rate by assuming that a fraction f grav of the change in the gravitational potential energy of each gas element along its trajectory is converted into heat, whereas a fraction (1 − f grav ) is converted into additional kinetic energy of the gas element (i.e. f grav = 1 corresponds to infall at a constant velocity, while f grav = 0 corresponds to free-fall). For the sake of simplicity, we adopt the conservative working assumption of a constant f grav = 0.2 inside the virial radius (r vir ) of galaxy halos and f grav = 0 outside. The most recent Smoothed Particle Hydrodynamical (SPH) simulations 11 indicate that the cold flows propagate inward at an approximately constant speed, implying f grav ∼ 1; however, Adaptive Mesh Refinement (AMR) simulations 12, 13 indicate that the cold gas accelerates throughout its motion and therefore f grav is smaller. Our discussion focuses on the extended Lyα emission, and not on the compact core of the galaxy where the cold streams are finally brought to rest. Future simulations might be able to refine our working assumption by resolving the precise dynamics and heating of the cold flows.
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The heating rate per gas particle is given by
where µ = 1.22 is the mean molecular weight per particle in the cold (and hence neutral) flow (in units of the proton mass m p ), G is Newton's constant, M (< r) is the total mass enclosed within a radius r, and v(r) is the infall velocity given by
We write v(r vir ) = GM/r vir = v circ where the circular velocity at the virial radius 10 is
. We obtain the temperature, T c (r), and particle number density, n c (r), of the gas in the cold flow from two considerations: (i) radiative cooling balances gravitational heating (given by Eq. 1); and (ii) the hot ('h') and cold ('c') phases are in pressure equilibrium, i.e. n c (r)T c (r) = n h (r)T h (r). At the typical densities in the cold flows (n c ∼ 1-10 2 cm −3 ), the gas is self-shielded from external ionizing radiation. Thus, the ionization state of the gas is solely determined by its temperature and density. Given the inferred temperature, density and ionization state of the cold gas, we compute its Lyα emissivity (in erg s −1 cm −3 ) as a function of radius from the expression, ǫ Lyα (r) = n e (r)n HI (r)C Lyα (T c ) + 0.68hν α n e (r)n HII (r)α rec,B (T c ). Here the first term denotes the luminosity density of Lyα photons from collisional excitation of hydrogen atoms by free electrons, with
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C Lyα (T ) = 3.7 × 10 −17 exp(−hν α /kT )/T 1/2 erg s −1 cm 3 . The second term denotes the luminosity density of Lyα photons from case-B recombinations with ∼ 68% of all case-B recombination events resulting 23 in a Lyα photon of energy hν α = 10.2 eV. The term α rec,B (T c ) denotes the case-B recombination coefficient 24 , which in practice plays a minor role and can be ignored.
The total Lyα luminosity that is emitted by a galaxy of total halo mass M halo is related to the volume
where the mass-dependent fraction f cold is obtained from simulations 11 . The factor f cold T c (r)/T h in the integrand denotes the fraction of the volume that is occupied by the cold gas within a spherical shell bounded by the radii r ± dr/2. Beyond r vir no hot gas exists to confine the cold flow, and so the cold gas density declines considerably (by more than a factor of T vir /T c ). The gas at r > r vir therefore provides a negligible contribution to the Lyα luminosity. The transmission factor T α denotes the fraction of the Lyα photons that make it to the observer. Throughout our discussion, we adopt the characteristic value of T α = 0.5, as appropriate for intergalactic absorption at the typical redshift of the observed LABs 29 , z ∼ 3.1. The cold flows consist primarily of compressed intergalactic gas in which the dust opacity is negligible.
The resulting relation between galaxy mass and Lyα luminosity allows us to compute a luminosity -4 -function of accretion powered LABs from the mass function of dark matter halos. The observed LABs are known to be associated with a region that contains a significant overdensities of Lyman-break galaxies (LBGs) 25 . Therefore, one must adopt the halo mass function that is appropriate for overdense regions 26 .
We express the corresponding number density of LABs brighter than L α as,
where (dn ST /dm)dm denotes the Sheth-Tormen 27 number density of dark matter halos (in cMpc −3 ) in the mass range M halo = m ± dm/2. The factor B(m, δ M (V s )) denotes the boost in the number of halos 26 due to the overall matter overdensity, δ M (V s ), within the survey volume V s .
In Figure 1 we plot n blob (> L α ; δ M (V s )) as a function of Lyα luminosity for three values of the Although the gas in the cold flows is mostly neutral, we find that resonant scattering is not expected to broaden the Lyα line beyond the observed velocity widths of the blobs (see Supplementary Material).
The observed LABs have a large spatial extent 1 , ∼ 150 kpc. In our simplified treatment, sizes, since our estimate was derived under the simplifying assumption of a gravitational heating efficiency f grav that is independent of radius. Simulations indicate that f grav is likely to increase towards smaller radii, and more realistic models are likely to predict smaller blob sizes that are closer to the observed values.
It is also possible that existing observations only detect Lyα radiation from the inner regions of cold flows where the Lyα surface brightness is higher. Indeed, ∼ 60 − 70% of our computed Lyα luminosity emerges from r < 0.5r vir (with this modest reduction factor having a negligible effect on The error bars on the data points were obtained from the relation Our predicted number of Lyα blobs is practically degenerate in the product T α × f grav , and this constraint can be recast as 0.05 ∼ < T α f grav ∼ < 0.25. Lastly, the black dotted line shows the number of blobs expected in an 'average' region (δ M (V s ) = 0) of the Universe, which shows how rare the most luminous blobs are:
We use the standard set of values for the cosmological parameters 30 ,
SUPPLEMENTARY MATERIAL
Our related Letter to Nature interprets the observed spatially extended Lyα blobs as observational evidence for the accretion of cold gas into massive galactic halos. The following sections contain additional technical details that support the statements made in our paper.
The Lyα Blob Luminosity Function in an Overdense Region
Steidel et al. 31 found an overdensity of δ LBG = 5.0 ± 1. This corresponds to the range of overdensities that was used in our 1 Letter to Nature.
1 Lidz et al. 35 compute the differential probability that a point is at a overdensity δ R when smoothed on a scale R, given that it is at an overdensity δ r when smoothed on a smaller scale r, P (δ R , σ R |δ r , σ r ) (see Eq. 4 in this reference). For a bias parameter b LBG = 3.0 we find that the mass overdensity within the survey volume of Steidel et al. 31 is δ M,r = (6.0 ± 1.5) × σ(V s ). Here subscripts 's' and 'r' ('S' and 'R') refer to the smaller (larger) survey volume. Using the expression of Lidz et al. 35 we find that δ M,r = (6.0 ± 1.5) × σ(V s )
translates to δ M,R = (3.3 ± 0.8) × σ(V S ). This procedure therefore gives us an estimate of the overdensity that is consistent with our estimate based on the number of observed LBGs and Lyα emitting galaxies. Here, R denotes the transverse direction in the cold flow 37, 38 (see e.g. § 6.2 in this latter reference). If for example, dv/dR ∼ v circ /R (which appears reasonable for some cold filaments based on inspection of Fig 8 & 9 of Dekel et al. 13 ), then we get that the total amount of velocity broadening is reduced by a factor of (v circ /v th ) 1/3 ∼ 2.6(M halo /10 12 M ⊙ ) 1/9 . We therefore conclude that although scattering plays a non-negligible role in broadening the Lyα line profile, it does not lead to Lyα velocity widths that exceed those of the observed blobs.
Because of the low volume filling factor of the cold flows, we do not expect the Lyα photons to scatter off neutral hydrogen (HI) in separate cold filaments once they have escaped from their filament of origin.
For this reason, scattering will lead to a very low level of polarization (or none at all) for these models, in difference from the models of Dijkstra & Loeb 39 who predicted high levels of polarization for Lyα emerging from neutral, spherically symmetric, collapsing gas clouds. In addition, we do not expect the systematic 2 The cross-sectional radius of a cold filament can be estimated as follows: The total solid angle that is covered by the cold gas at a distance r from the center of the halo is Ω cold (r) = 4π × (f cold Tc Tvir ). Cold accretion typically occurs via multiple cold streams, and the average solid angle that is covered by a single cold filament is Ω fil (r) =
Tvir ), where N fil denotes the total number of filaments. From this it follows that the angular size of a single cold flow in radians, when viewed from the center of the halo, is blueshift of the Lyα line that was predicted 40 for spherically symmetric models 3 .
Some resonant scattering would occur for photons that enter the intergalactic medium (IGM) blueward of the line resonance. The impact of the IGM would be frequency-dependent, and we expect the associated 'blurring' to be most prominent for the most energetic Lyα photons. The resonantly scattered Lyα radiation is expected to have a low level ( ∼ < 7%) of linear polarization 39 .
The 'Duty Cycle' of the Cold Accretion Mode
When computing the cumulative luminosity function of blobs through Eq. (2), we implicitly assume a duty cycle of unity. That is, we assume each massive galaxy halo to be surrounded by cold flows.
Simulations support this assumption: the massive halos which produce a detectable Lyα luminosity typically reside in overdense regions of the Universe in which accretion of cold gas from filaments onto the more massive halos is a continuous process at z ∼ > 2. This is in sharp contrast to intense starburst and/or AGN activity, which occur with duty cycles that are ≪ 1. Indeed, in our model the cold flows are luminous in Lyα irrespective of the activity in the central galaxy, which explains that only a fraction of Lyα blobs appear to be associated with intense starburst activity or AGN.
Robustness of the Results to Model Uncertainties
In our model, the halo gas consists of 'hot' and 'cold' components. The hot gas is at virial temperature of the halo, T vir = 1.9 × 10 An important caveat to the simulations of cold flows is that they do not incorporate superwinds that are generated by star-forming regions. Superwinds can drive large-scale outflows that act as a source of Lyα emission 8 . These winds expand most efficiently into the lower density regions and will probably not affect the cold flows because of the small solid angle occupied by the cold filaments. Indeed, preliminary analysis of simulations that do take into account winds support this claim (D. Keres, private communication).
Therefore, winds are expected to provide an additional source of Lyα radiation, but would not disrupt the formation of Lyα photons by gravitational heating of cold streams. Below we show that this additional 'wind-generated' Lyα flux is likely comparable or less than the flux from the cold flows.
The Role of Dust
Neutral gas in the cold flows forces each Lyα photon to scatter multiple times before escaping from the flow. As a result, Lyα photons traverse on average a total distance through the cold flow that is
times larger than that for continuum photons 44 . One would therefore expect the Lyα flux to be highly susceptible to absorption by dust. In reality, this is probably -14 -not an important effect since the cold flows consist of compressed intergalactic gas that has mostly not been processed through galaxies. We therefore expect these flows to contain significantly less dust than the interstellar medium of star forming galaxies. Indeed, it is likely that quenching of Lyα flux by dust is more important for superwind-generated emission (see § 2.5 for a discussion of alternative models for Lyα blobs), since in this case the Lyα flux is generated in cold neutral shells of gas that were swept up from the interstellar medium of the galaxy. Mori et al. 8 found the dust-opacity to Lyα of their superwind generated shells to be negligible (
However, their estimate of τ d does not take into account the fact that scattering can boost the total distance traversed by Lyα photons through the shell -and therefore the optical depth-by a factor of ∼ 110(T c /10
. It is therefore a serious concern that the dust opacity to Lyα photons in these models exceeds unity. On the other hand, the cold flows are expected to contain significantly less dust because they originate in the IGM, and so we conclude that the Lyα flux generated in cold flows is not subject to the same level of dust opacity.
Comparison to Other Models
While the cold accretion model can successfully reproduce the abundance of LABs in the Universe as well as their physical properties, it is useful to compare our model to the other models for LABs mentioned in the Letter. The observed number density of blobs, combined with their preferred residence in dense regions of our Universe, requires an association with massive halos (M halo ∼ 10 12 -10 13 M ⊙ ).
Photoionization models require cold gas to be present in these halos, because the gas at the virial temperature of these halos (T vir ∼ > 2 × 10 6 K) would recombine too slowly to reproduce the observed Lyα luminosities. Indeed, Haiman & Rees 6 obtain their Lyα recombination radiation -following photoionization by the central quasar -from cold (T = 10 4 K) gas clouds embedded in a hot medium, very similar to the cold-accretion scenario that is seen in the simulations (the main difference being that the cold phase consists of separate clouds in those early models, rather than long continuous streams). Hence, this model therefore requires the existence of cold gas by which galaxies grow their baryonic mass. In a way, this model describes a special case of cold accretion model in which the cold accreting gas is illuminated by a central quasar. However, the filamentary geometry of the simulated cold gas can cause it to efficiently self-shield against any central source of ionizing radiation, which would (strongly) suppress the photoionization rate by the quasar. The association with quasars also naturally places the blobs in massive (M halo ∼ 6 × 10halos 45 . However, the short duty cycle of quasar activity 46 is always problematic. Indeed, a large fraction of blobs has no associated quasar nearby (see refs 47, 48 for examples of Lyα blobs associated with radio quiet type I AGN). The same duty cycle argument, combined with the lack of the relevant associated sources, argues against photoionization by inverse Compton radiation, or star formation that is triggered by AGN jets.
The most popular alternative model for blobs is the superwind model. The association of some blobs with sub-millimeter sources imply a connection with star burst galaxies (with star formation rates of 
Testable Predictions of the Cold Accretion Model For Lyα Blobs
Simulations suggests that the cold flows enter the center of the halo as multiple filamentary streams.
This filamentary structure is expected to show up in the observations. In § 2.1 we argued that some 'blurring' of the Lyα image may be expected, but only for the most energetic Lyα photons, as these are We argued in § 2.1 that we do not expect the systematic blueshift of the Lyα line, nor the high level of polarization, that were predicted by spherically symmetric models of neutral collapsing gas cloud. This is mostly because the Lyα photons scatter mostly in the filament where they were produced, after which they escape to the observer (following some resonant scattering in the IGM). Because the fraction of cold accreting gas increases towards lower galaxy masses (and therefore lower blob luminosities in our model), we may expect cold accretion to be less filamentary at lower galaxy masses. This implies that the predictions of the models that assumed spherically symmetric accretion -involving the blueshift and the high levels of linear polarization -may be increasingly relevant at lower halo masses and blob luminosities. However, In our model, the vast majority of the Lyα radiation is generated from collisional excitation of atomic hydrogen. At temperatures of T c ∼ 10 4 K, collisional excitation of the Lyβ transition is ∼ 10 times less effective. Therefore, we expect an Hα (λ = 6536Å) flux that is ∼ 10T α × 6536/1216 ∼ 54T α times lower. This is unfortunate because a combined measurement of the Lyα and Hα measurement could have constrained the importance of radiative transfer effects. In § 2.1 we concluded that radiative transfer effects were not negligible, and that they may noticeably broaden the Lyα line. To find this broadening requires the detection of the much fainter Hα line. It is not guaranteed that the Hα flux will actually be suppressed by a factor as large as that mentioned above. As we argued in § 2.3, the weak shocks that heat the cold flows on their way to the halo center, may occasionally heat the gas to a temperature at which hydrogen becomes significantly ionized. In this case, the Hα flux may be down by the value expected from recombinations (∼ 9T α ). These shocks may also result in Helium becoming singly ionized, leading to a detectable He 1640 emission 43 .
The observed LAB luminosity function (which we compiled from the data presented by Matsuda et al. 2 ) is reproduced by models in which T α f grav ∼ 0.1 (for δ M (V s ) = 3σ M (V s ), see Fig. 1 ). Assuming that T α f grav ∼ 0.1 (independent of redshift), we can predict Lyα luminosity functions for accretion powered blobs at z = 2 and z = 4 (when averaged over large regions of our Universe, such that δ M (V s ) ∼ 0). These luminosity functions are shown in Figure 2 , which implies that a decline in the number density of accretion powered blobs more luminous than a few ×10 43 erg s −1 is expected beyond z = 3. Such a decline -if present -could be detected with future observations. For example, the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) 52 is expected to detect 0.8 million Lyα emitting galaxies and therefore thousands of LABs at 1.9 < z < 3.5. Such a large sample of blobs will allow to place tight constraints on blob formation models. In parallel, Lyα emission can be incorporated into computer simulations of galaxy formation with cold flows, and be compared against the growing body of observational data. 
